Background: Refined grains and white rice have been associated with elevated risk of type 2 diabetes mellitus (T2DM). In this study, we sought to quantify the effect of white rice intake on incident T2DM in two prospective population-based cohort studies from Iran, where white rice is one of the main staple.
Background
Prevalence of type 2 diabetes mellitus (T2DM) is increasing globally [1] . Once considered "a disease of affluence", T2DM is now a worldwide threat with substantially more cases in low-and middle-income countries (LMIC) where resources for prevention, control and management are limited. The Middle East is estimated to have the greatest relative increase in the prevalence of T2DM by 2030 [2] . Prevalence of T2DM in the region was above 10% in 2008 according to the global burden of disease estimates [1] . The prevalence of T2DM among Iranian adults was 8.7% in 2007 based on the third national Surveillance of Risk Factors of NonCommunicable Diseases survey [3] and a 35% increase in diabetes prevalence has been reported between 2005 and 2011 [4] . The prevalence of T2DM for Iran in 2014 was 11.4% (7.2-17. 2) according to the latest global burden of disease estimates [5] . Also, the standardized incidence rate of T2DM in adults living in Tehran (above 20 years) was 10.6 per 1000 person-year corresponding to an annual incidence rate of about 1% [6] .
Nutritional transition with a more calorie-dense diet and higher consumption of refined carbohydrates (e.g., white rice) may play an important role in the rapid increase in T2DM rates [7] [8] [9] . White rice is a staple food in many LMIC facing rapid economic development and nutritional transition. Higher white rice intake has been associated with increased risk of T2DM, particularly in Asian countries [10, 11] . Results of a recent metaanalysis showed a significant 11% increase in risk of T2DM for each additional serving of white rice [12] . In their meta-analysis, Aune et al also reported a 23% increase risk of diabetes with each additional serving of white rice per day [13] . The milling process converts brown rice to white rice removes the majority of fibers, vitamins and minerals of the grain, which have been shown to have anti-diabetic properties [14, 15] . Additionally, white rice has a higher glycemic index (GI) compared to brown rice and other whole grains [16] . High GI diets have been consistently associated with elevated risk of T2DM in several prospective cohort studies [11, [17] [18] [19] .
Iran is the 13th biggest white rice consumer worldwide with an average annual per capita consumption of an approximately 34 Kg [20] . These high levels of intake in addition to other lifestyle changes such as increased interest in fast and junk food, excessive eating and inadequate physical activity [21, 22] might contribute to the rising rates of T2DM in Iran. However, there has been no analysis of the association between white rice intake and incidence of T2DM in Iran. Therefore, we used data from the Golestan Cohort Study (GCS), conducted in the largely rural province of Golestan, and the Tehran Lipid and Glucose Study (TLGS), conducted in Tehran, to investigate the association between white rice intake and T2DM in populations under different stages of economic development.
Methods

Selected cohorts and the study population
Details on the design of both studies have been reported before [23, 24] . GCS was launched in 2004 in Golestan province, Northeast of Iran and recruited 50,045 adults aged between 40 and 87 years from Gonbad city and 326 rural villages (20% urban, 80% rural). Five years after recruitment, a random sample of about 12,000 participants were invited to participate in a re-measurement study. The same questionnaires were filled and all participants were asked to give 30 ml of blood for biomarker measurements including fasting plasma glucose (FPG) and hemoglobin A1c (HbA1c). We used data from the remeasurement sub-sample in this analysis.
Tehran Lipid and Glucose Study (TLGS) enrolled 15,005 participants who were 3 years of age or older residing in the 13th district of Tehran, between 1999 and 2001. Participants are being followed up every 3 years by trained interviewers. Here, we used data from adults 20 years and above who participated in the third (2006) (2007) (2008) and forth (2009-2011) phases of the study. The follow-up between the third and forth phases of TLGS ranged from 1 to 5 years.
We excluded participants with T2DM (self-reported in GCS and diagnosed with blood measurements or receiving anti-diabetic medications in TLGS), and other noncommunicable diseases at baseline (Figs. 1 and 2 ). We excluded individuals with T2DM at baseline in both studies to ensure individuals with prevalent diabetes are not included in the analyses.
Exposure assessment GCS
Dietary information was collected using a validated food frequency questionnaire (FFQ) specifically developed for this population [25] . Information on the typical portion size, consumption frequency, and the number of servings consumed each time was collected for each food item at enrollment. Daily intake of each food item was calculated by multiplying the consumption frequency by the typical portion size and the number of servings. We excluded 167 individuals for whom we did not have information on white rice intake. To further investigate the association between white rice intake and T2DM, we divided the participants into quartiles of daily white rice consumption; ≤71.1, 71.2-120, 120.1-210 and >210 grams/day.
TLGS
A validated semi-quantitative FFQ was used to collect dietary information in phase III [26] . Trained dietitians with at least 5 years of experience in TLGS asked participants to designate their consumption frequency for each food item consumed during the previous year on a daily, weekly, or monthly basis. Portion sizes of consumed foods that were reported in household measures were then converted to grams [3] .
The median white rice intake in this population was 250 grams/day (equivalent of 'one dish' of cooked white rice) and 36% of the participants reported this amount as their intake level. Thus, white rice intake in TLGS was categorized into three groups less than 250, 250 and more than 250 grams/day.
Outcome assessment
GCS participants who had FPG ≥ 126 mg/dl, HbA1c > 6.5% [27] or were receiving treatment for diabetes were categorized as having confirmed incident T2DM. In TLGS phase IV, participants with FPG ≥ 126 mg/dl or 2-h plasma glucose ≥ 200 mg/dl during an oral plasma glucose tolerance test or taking anti-diabetic medications were considered as cases.
Potential confounders
All participants in both studies underwent interviews by trained physicians and/or technicians and information on demographics and other baseline lifestyle behaviors were collected using structured lifestyle questionnaires. Anthropometric indices were measured after the interviews by trained technicians.
Potential confounders assessed in both studies included age, sex, education (highest level attained), marital status, employment status, smoking, physical activity (physical activity at work estimated from the intensity of the daily work and the amount of time spent at work in GCS and total physical activity calculated from information collected via a validated modifiable activity questionnaire in TLGS) [28] . Our aim was to estimate the effect of substituting white rice with other sources of carbohydrates or fat. Therefore, we adjusted for total calorie intake and daily meat (red meat, poultry and fish) intake. Additional confounders included in the GCS analysis were race (Turkman vs. non-Turkman), urban or rural residence, wealth score (a surrogate of socioeconomic status (SES), calculated from appliance ownership [29] ), opium and alcohol consumption and self-reported hypertension status. In TLGS, we also adjusted the models for family history of T2DM.
The GCS was approved by the Institutional Review Boards of the Digestive Disease Research Institute of Tehran University of Medical Sciences, the US National Cancer Institute (NCI), and the World Health Organization International Agency for Research on Cancer (IARC). TLGS was approved by the institutional review board of the Research Institute for Endocrine Sciences, Shahid Beheshti University of Medical Sciences. All participants gave written informed consent before enrollment.
Statistical analysis
We used the World Standard Population 2000-2005 developed by the WHO [20] to calculate age-standardized rates. Multivariable logistic regression models were used to estimate crude and adjusted odds ratios (ORs) and the corresponding 95% confidence interval (CI)s. Models were initially adjusted for age and sex and further for all other potential confounders mentioned above. Selection of confounders was based on prior knowledge. We examined if the association between white rice intake and T2DM was modified by selected baseline characteristics (age (above or below 50 years), sex and physical activity in both studies and ethnicity and residence in GCS) by including product terms in the models. Since some of the effect of white rice intake on T2DM may be mediated through weight gain, we did not include body mass index (BMI) or waist circumference (WC) in our main analysis.
We used data on demographics and other baseline lifestyle behaviors and dietary information obtained during interview at enrollment in GCS and phase III in TLGS. Laboratory measurements obtained in the remeasurement study in GCS (2011-2013) and fourth phase of TLGS (2009-2011) were used to determine diabetes status.
Sensitivity analyses
As adjusting for total calorie intake as a covariate in the model may not be sufficient, in a sensitivity analysis, we used the 'residual method' for energy adjustment [30] . In GCS, we first used a Box-Cox power transformation to determine the appropriate exponent (theta = 0.28) that would transform the distribution of white rice intake into a Normal distribution. The residual of the regression of the box-cox transformed white rice intake on total calorie intake was then categorized into quartiles and used as the dependent variable. In TLGS, however, the insufficient number of events in the exposure categories of calorie-adjusted white rice intake limited our ability to perform sensitivity analysis using residual adjustment method.
We further assessed the sensitivity of our results in GCS to selection bias due to differential survival using inverse probability weighting (IPW). This was done mainly since Golestan is an older cohort (average age 51 years old) and we had 2,451 deaths during the follow up. We estimated the probability of death during the 5 years of follow up using a logistic regression model conditional on all the risk factors of both death and T2DM and assigned the reciprocal of the estimated probability to each individual. This approach allows us to create a pseudo-population in which there is no censoring by death (non-stabilized weights) or censoring by death is independent of measured determinants of survival included in the IPW models (stabilized weights) [31] . Finally, we looked at the association between categories of white rice intake and FPG (defined as above 126 mg/dl) in both studies. All tests of hypothesis were conducted at a confidence level of 0.95 under the twosided alternative.
Results
A total of 9,182 participants from GCS and 2,173 from TLGS were eligible for this analysis ( Figs. 1 and 2 ). Participants were on average (±SD) 51 (±8) years old at recruitment in GCS and 39 (±13) in TLGS at baseline. We documented 902 diagnosed T2DM in GCS and 81 in TLGS (see Additional file 1: Table S1 ). Age-standardized cumulative incidence of T2DM was 9.9% in GCS over 5 years and 8.0% in TLGS over three years. Characteristics of study participants by categories of white rice intake in both studies are presented in Tables 1 and 2 . Carbohydrate intake accounted for 56.9% and 57.7% of the total daily energy intake GCS and TLGS, respectively. In GCS, white rice was responsible for 8% of total energy intake and 14% of total carbohydrate intake. In TLGS, these figures were 15.7% and 27%, respectively. The median (interquartile range (IQR)) daily white rice intake was 120 grams (77, 210) in GCS and 250 grams (143, 250) in TLGS. Compared to Golestan, residents of Tehran consumed significantly more white rice on a daily basis (P-value for Wilcoxon signed-rank test < 0.001). Daily calorie intake mean was also significantly higher in TLGS (2,425 (±1,098) kCal/day in TLGS vs 2231 (±612) kCal/day in GCS; P-value < 0.001). Meat, on the other hand, was consumed significantly more in Golestan (80 (±50.3) vs 63 (±53.5) grams/day; P-value < 0.001).
In Golestan, non-Turkmens, urban residents, individuals with higher wealth scores, some education, who were currently working, married and were physically more active were more likely to report consuming more than 210 grams of white rice per day. Smoking, alcohol intake, BMI and WC were positively and opium use was negatively associated with white rice intake. In TLGS, marital status and physical activity were negatively and smoking was positively associated with white rice intake. Finally, higher white rice intake was associated with higher daily meat and calorie intake in both studies.
In both crude and fully adjusted models, there was no significant association between white rice and incidence T2DM in GCS (Table 3 ). In TLGS, the crude OR (95% CI) was 1.18 (0.68, 2.04) and the fully adjusted OR was 2.08 (1.10, 3.91) comparing participants with white rice intake of >250 grams/day to those with <250. The negative confounding pattern is partly due to differences in age and SES where the younger, currently working and more educated participants had higher intake levels (Table 1 , Additional file 2: Table S2 ). The ORs of diabetes obtained from the energy-adjusted white rice intake (residual method) in GCS were almost identical to the above results (see Additional file 3: Table S3 ). The IPW analysis did not change the ORs of diabetes in GCS materially (see Additional file 3: Table S3 ).
Using FPG as the outcome instead of T2DM, we observed comparable associations in both studies (Additional file 4: Table S4 ). Similar to T2DM, we observed no association between FPG and white rice intake in GCS. In TLGS, however, the effect of white rice intake on FPG was slightly stronger compared to its effect on T2DM.
Further analyses revealed no modification of the effect in different strata of age, sex, physical activity, race/ethnicity and residence in GCS (Table 4 ). In TLGS, on the other hand, we observed stronger associations between white rice intake and T2DM in men and individuals with moderate total physical activity (P values for trend <0.05). The fully adjusted OR for T2DM for consuming 250 grams/day of white rice was 3.11 (1.23, 7 .87) in men (Table 4) .
Discussion
In these two prospective population-based cohort studies of rural and urban areas in Iran, we observed an association between white rice intake and T2DM only in urban areas. While we detected a significant doubling of incidence of diabetes in those with white rice intake more than 250 grams/day in TLGS, in Tehran, we did not observe a significant association in the GCS, in Golestan. The observed association in TLGS was more pronounced in men.
Several prospective studies have reported a positive association between white rice intake and diabetes [10, 11, 32] . Hu et al. conducted a meta-analysis on seven prospective cohort studies conducted in Asian and Western populations and observed an overall 27% increased risk of diabetes comparing high versus low white rice consumption levels. The numbers of individuals with and without type 2 diabetes mellitus don't add up to the total number of participants in some of the categories of white rice consumption due to the missing information of diabetes status on some of the individuals in those categories
This effect was more pronounced in Asian populations that consume white rice at larger quantities (55% increase risk) [12] . We observed a doubling of diabetes risk associated with >250 grams of white rice intake in TLGS. This finding is in line with but stronger than the results of the prospective Asian studies. The Shanghai Women's Health Study reported a 78% higher risk of diabetes with >300 grams/day of raw white rice intake (compared to less than 200 grams of raw white rice intake) [11] and the Japanese Public Health Center-based Prospective Study (Women) showed 65% increase in diabetes risk with consuming >437 grams of cooked white rice each day compared to comsuming <287 grams of daily cooked white rice [10] . Similarly, regular white rice intake was associated with increased risk and replacement of white rice with whole grain was associated with a reduced risk of diabetes in US men and women [32] . The differences in the effect of white rice on diabetes across various populations can be due to different carbohydrate quantity and quality. The effect of white rice on diabetes could be more pronounced in developing countries undergoing nutritional transition. Fat accumulation through increased intake of calorie-dense diet, and lack of physical activity could make people living in these countries more susceptible to the adverse effects of higher white rice intake. The exact mechanism through which white rice intake may increase the risk of diabetes is not clear, but postprandial blood glucose surge (measured by the GI) and further induction of insulin resistance has been implicated as a possible mechanism [33] . Both the GI and glycemic load have been associated with increased risk of metabolic syndrome and diabetes in several prospective cohort studies [11, [17] [18] [19] . The GI of white rice depends on the proportion of the amylose content of the grain in addition to the cooking time and the degree of processing [16] . But in general, the GI value of white rice has been reported to be higher than that of brown rice and other whole grains [16] . In addition, the milling process removes the outer bran layer of the grain which contains important nutrients such as magnesium and fibers which have been associated with decreased risk of diabetes [14, 15] .
The contribution of white rice to the total energy intake was generally low in both studies analyzed here (8% in GCS and 15.7% in TLGS), while carbohydrate accounts for approximately 60% of the total daily energy intake. This indicates that other foods containing high carbohydrates (such as bread) are being consumed at high quantities in these populations. Bread is considered a main staple in Golestan and the median daily bread intake in Golestan was 352 grams, which accounted for approximately 52% of total carbohydrate and 30% of total calorie intake.
The discrepancy between the results of the GCS and TLGS may be due to (1) lower levels of exposure in the GCS; (2) effect measure modification; or (3) differences in measurement or residual confounding between the two studies. On average, GCS participants consumed 97 grams/day less white rice and white rice only contributed to 14% of the total daily carbohydrate intake (compared to 27% in TLGS). It is possible that higher consumption levels are required for white rice to affect diabetes risk [12] . The GCS was conducted in Golestan province, a predominantly rural province which is less developed economically than major cities such as Tehran. This may lead to different levels of lifestyle and environmental factors that may act as effect modifiers. Specifically, it is also possible that GCS participants are consuming more of other forms of carbohydrates, namely bread, that are richer in insoluble fibers and magnesium, and the beneficial antidiabetic effects of these nutrients could potentially cancel out the adverse effect of white rice. Additionally, GCS participants are mostly farmers and are more likely to have an active lifestyle compared to residents of Tehran, who are mostly white-collar workers. Physical activity was not measured with the same tool in both studies so we could not directly compare physical activity levels between the two cohorts. A specific source of bias in the GCS is that blood glucose was not measured at baseline so some of the diabetes cases in our analysis may indeed be prevalent cases and this will bias the estimates towards the null. We also expect larger residual or unmeasured confounding by SES in TLGS compared to the GCS as the only SES variable available in TLGS was education. This study has some limitations. First, information on the date of diagnosis of diabetes was not available in either study, so we could not conduct a time-to-event analysis. Second, measurement errors in dietary intake elicited using FFQs cannot be ruled out, even though both FFQs have been previously shown to provide reliable and valid estimates of nutrients and energy intake [25, 26] . It is possible the FFQs used in the two studies have different accuracy white rice intake measurement. However, validity and reliability of both FFQs have been shown to be comparable [25, 26] , so the difference in measurement errors was less likely to explain the observed difference in the association between T2DM and white rice intake. Additionally, dietary information was gathered before diabetes diagnosis in both studies. Thus, any measurement error in white rice intake would be non-differential. Although we have previously shown a notable agreement between self-reported diabetes and diabetes as defined by measurements of blood glucose [34] , the self-reported nature of diabetes assessment at baseline in Golestan could have led to overestimation of diabetes incidence in this population. Third, the relatively small sample size in TLGS affected the reliability of some of the estimates from the stratified analyses (i.e., physical activity). Finally, the possibility of residual confounding by unmeasured confounders or measurement error in measured confounders cannot be ruled out. Some of the strengths of this study include its large sample size, accurate outcome assessment (FPG in both studies, HbA1c in GCS and 2-h plasma glucose in TLGS) and available data on many potential confounders as well as the opportunity to assess the association between white rice intake and diabetes in urban and rural populations in the Middle East.
Conclusion
In summary, we observed an increased likelihood of T2DM associated with high white rice intake among residents of Tehran and no association in Golestan. Our findings, if further supported by other studies, have important public health implications for other countries in the Middle East and North Africa as well as countries in South, East and South East Asia where white rice is a major staple and diabetes is increasing rapidly [1] . Introducing whole grains and replacing white rice with whole grain carbohydrates can be one of the strategies for prevention of T2DM. Our study was a step towards investigating the role of refined carbohydrates on incidence of T2DM in an area with increasing rates of the disease. Future research should focus on assessing the impact of other commonly used refined carbohydrate including bread, especially in rural areas and in areas with lower levels of white rice intake. 
